Background and Aims Long root hairs enable the efficient uptake of poorly mobile nutrients such as phosphorus. Mapping the chromosomal locations of genes that control root hair length can help exploit the natural variation within crops to develop improved cultivars. Genetic stocks of the wheat cultivar 'Chinese Spring' were used to map genes that control root hair length.
INTRODUCTION
The rhizosheath, defined as the soil that adheres to plant roots, is positively correlated with root hair length in young wheat (Triticum aestivum) seedlings grown in both acid and non-acid soil (Delhaize et al., 2012 (Delhaize et al., , 2015 . Measuring rhizosheath size of wheat seedlings is relatively simple and can be used as a surrogate for root hair length in high-throughput assays. By comparison, direct measurement of root hair length is a tedious process typically involving collection and photography of root segments with subsequent image analysis. A high-throughput assay of wheat roots grown on filter paper was previously described that measured a range of root traits in a phenotyping pipeline; however, root hair length was not among the traits assayed (Atkinson et al., 2015) .
The importance of root hairs in the uptake of soil phosphorus (P) has been shown in experiments with mutant lines of various species that lack root hairs entirely (Bates and Lynch, 2000; Gahoonia et al., 2001; Gahoonia and Nielsen, 2003) , near isogenic lines that differ in root hair length (James et al., 2016) and cultivars within species that vary for root hair length Nielsen, 1997, 2004; Lynch, 1997; Krasilnikoff et al., 2003; Miguel et al., 2015) . Rhizosheath assays of wheat seedlings derived from genetic crosses identified quantitative trait loci (QTLs) for root hair length of plants grown in non-acid (Delhaize et al., 2015) and acid soils (James et al., 2016) . The QTLs identified for long root hairs on acid soils are due to Al 3þ -tolerant root hairs and differ from QTLs that control root hair length in the absence of constraints. Molecular markers flanking these QTLs can be used in breeding programmes for marker-assisted selections to introgress genes for increased root hair length whether it be for acid or non-acid soils. Benefits of the QTLs for Al 3þ -tolerant root hairs will be limited to acid soils, whereas QTLs for root hair length on non-acid soils will be relevant to a wider range of soil types.
The cultivar 'Chinese Spring' has long been used for genetic studies of hexaploid wheat, and the genetic stocks comprised of aneuploid (lacking specific chromosomes), deletion bin (lacking chromosomal fragments) and ditelosomic (lacking a chromosomal arm) (Sears and Sears, 1978; Endo and Gill, 1996) lines have been used to identify chromosomal regions that control various traits (Debuyser et al., 1992; Whelan and Schaalje, 1992; Henry et al., 1994; Miura and Tanii, 1995; Yen and Baenziger, 1996; Papernik et al., 2001; Francki et al., 2016) . One of the few studies to have used these stocks to determine the chromosomal locations of genes controlling a root trait assessed the Al 3þ tolerance of ditelosomic lines and identified chromosomal arms harbouring genes for root Al 3þ tolerance (Papernik et al., 2001 ).
Here we used the genetic stocks of 'Chinese Spring' to map chromosomal regions that control root hair length in hexaploid wheat. Although QTLs for root hair length have been identified in wheat from various crosses (Delhaize et al., 2015; Horn et al., 2016) , these identify genomic regions controlling root hair length only within the parental lines and may not be representative of all wheat genotypes. Furthermore, the aneuploid lines of 'Chinese Spring' represent a different genetic resource where fractions of the genome are deleted, which is more akin to 'null' mutations. These deletions might not identify the same QTLs as found with an analysis of progeny lines derived from crosses between genotypes. Lines were initially screened for rhizosheath size using a simple assay of young seedlings. Root hair length was then measured for selected lines and compared with euploid 'Chinese Spring' as the control possessing the full complement of chromosomes. We undertook a 90 000 (90K) single nucleotide polymorphism (SNP) chip (Wang et al., 2014) analysis of euploid 'Chinese Spring' and a deletion line of chromosome 5AL to map candidate genes potentially involved in regulating root hair length. A deletion line with root hairs shorter than the euploid was assessed to establish if the trait was maintained in plants more mature than the young seedlings used in the rhizosheath screen and to determine the effect that short root hairs had on phosphorus acquisition efficiency (PAE).
MATERIALS AND METHODS

Germplasm
The genetic stocks of 'Chinese Spring' used in this study are described in previous publications (Sears, 1954; Sears and Sears, 1978; Endo and Gill, 1996) . While many of the aneuoploid lines of 'Chinese Spring' are stable and the chromosomes are transmitted faithfully, some have poor fertility or have chromosomal aberrations in addition to the primary chromosomal lesion (Devos et al., 1999) which needs to be taken into account when attempting to screen all chromosomes. For instance, lines nullisomic for chromosome 2A have very low fertility, while other lines are sterile (nullisomic 4B) or do not have pure 'Chinese Spring' genetic backgrounds (Devos et al., 1999) . In the work described here, nullisomic-tetrasomic lines of 'Chinese Spring' were screened first to locate loci for rhizosheath size to specific chromosomes. Since the deletion of a particular pair of chromosomes can be compensated for by the presence of one of the homeologous pair of chromosomes existing as a tetramer, for any given deleted chromosome pair there are two corresponding lines (Devos et al., 1999) . For instance, a line nullisomic for chromosome 5A (N5A) can be either tetrasomic for chromosome 5D (T5D) or tetrasomic for chromosome 5B (T5B) to yield lines nullisomic for chromosome 5A and tetrasomic for chromosome 5D (N5AT5D: this pattern of acronym is used throughout for the other nullisomictetrasomic lines) or chromosome 5B (N5AT5B). From the initial rhizosheath screen, we focused mainly on chromosome deletion lines where both nullisomic-tetrasomic lines lacking a specific chromosome pair differed from the euploid 'Chinese Spring'. Subsequent analysis of deletion lines enabled loci controlling rhizosheath size to be mapped to particular regions of chromosomal arms. Grain of lines used in experiments to assess PAE was collected from the lines grown under identical conditions and at the same time with potting mixture that was fully fertilized. The presence of the TaRSL4 gene on chromosome 2AS in various deletion lines was determined using PCR as described by Han et al. (2016) .
Rhizosheath screen
Rhizosheaths of 3-day-old seedlings were measured as described previously (Delhaize et al., 2015) and root hair lengths were assayed as described by Delhaize et al. (2012) . Briefly, seedlings were planted into 250 g of soil (0Á8 g cm ) in small pots and grown in a controlled growth cabinet set at 23 C with a 16 h light/8 h dark regime. To reduce drying of the soil surface, trays of water were placed within the cabinet to maintain the humidity at about 70 %. Pre-germinated seed with 3-6 mm roots were planted into the moist soil. The soil was an acidic ferrosol from the Robertson region of New South Wales, Australia (Ryan et al., 2014) with no added mineral nutrients other than the 30 g kg -1 of CaCO 3 used to adjust the final pH to 6Á2 (0Á01 M CaCl 2 extract). Soil moisture was measured before each experiment and adjusted to 90 % field capacity.
Rhizoboxes
Seedlings were grown for up to 11 d in 'portrait' rhizoboxes (0Á95 Â 18 Â 28 cm) as described previously (Delhaize et al., 2015) . The rhizoboxes were filled with the red kandosol described for pot experiments below, moistened to 70 % field capacity and packed to 1Á46 g cm -3
. The rhizobox was sown with one pre-germinated seed and maintained at an angle of about 45 during growth of seedlings so that roots grew along the clear front face. At various times, sections of roots were photographed through the clear face of the rhizobox at Â 2Á0 magnification and the resulting image analysed for root hair length as described previously (Delhaize et al., 2012) .
Pot experiments
Short-term pot experiments were run as described by Ryan et al. (2014) using the same red kandosol described in their study that was maintained at 70 % field capacity. The soil was treated and fertilized as described, and pots of 10Á3 cm diameter by 20 cm height were packed with 2 kg of soil to a height of about 19 cm. Grains weighing 25-30 mg were germinated and planted (one per pot) to about 1 cm depth with three P treatments (5, 10 and 150 mg P kg -1 soil), two genotypes (euploid 'Chinese Spring' and 'Chinese Spring' deletion line 5AL-23) and six replicates per genotype at each P treatment. Seedlings were grown for 19 d in a growth cabinet with the cabinet set for a 16 h light:8 h dark day period with temperatures at 15 C for the dark period and 20 C for the light period. Light intensity at plant height was 592 lmol m -2 s -1 photon irradiance. At harvest, shoots were removed, dried and weighed. Roots were washed to remove soil and stored in ethanol:water (50:50, v/v) before being scanned using WINRhizo Pro (version 2002). After scanning for total root length, samples were taken for root hair analysis. Root hairs were measured on 5 mm segments of thick roots (diameter > 0Á6 mm) whereby the lengths of ten hairs per segment were measured as described previously (Delhaize et al., 2012 (Delhaize et al., , 2015 . Three to five segments were taken from each plant (one plant per replicate) and used to calculate the average value of the root hair length for the plant. Segments were taken from the roots 5-6 cm from the root tip, and the 0Á5 mm region analysed for root hair length was chosen to be about in the middle of this segment. Using this method, 30-50 root hairs were measured to generate a single average value for each replicate plant that was used to calculate the overall average of a line (n ¼ 6).
Analysis of shoot mineral nutrients
Dried and ground plant samples were weighed (200-250 mg) into individual vessels containing an acid solution comprising 8 mL of 70 % nitric acid and 2 mL of 36 % hydrochloric acid. Samples were digested in a Milestone Start D Microwave Digestion System (Milestone Inc, Shelton, CT, USA) using US EPA Method 3051 (https://www.epa.gov/sites/production/files/-12/documents/3051a.pdf). Mineral concentrations of the final solution were determined with a Varian Vista-Pro Inductively Coupled Plasma-Optical Emission Spectrometer.
Characterization of 5A deletion line 5AL-23 using the 90K SNP assay Three biological replicates of the 'Chinese Spring' 5AL-23 deletion line and euploid 'Chinese Spring' were genotyped with the Illumina 90K wheat iSelect SNP chip (Wang et al., 2014) to determine the size and position of the deleted segment harbouring the causal gene(s) controlling root hair length. SNP markers tagging the deletion were detected by measuring shifts in cluster position between the mutant and euploid samples in SNP cluster plots generated using GenomeStudio V2011.1 software (Illumina). A shift in mutant data point position, relative to the euploid control, corresponds to the expected change in signal (dose response) when a marker locus is absent and has previously been shown to detect chromosomal deletions reliably in wheat (Miraghazadeh et al., 2016) . SNPs with a minimum cluster shift of 0Á1 along the NormTheta axis, or 0Á5 along the NormR axis, were considered to be putative markers for the deletion. Next, we used knowledge for the correspondence of the euploid cluster position with genetically mapped SNP loci present in an updated version of the 90K consensus SNP map (Wang et al., 2014) to confirm the position of the deletion on chromosome 5A. In addition, we determined the physical size of the deletion using the NRGene v1.0 genome assembly (or International Wheat Genome Sequencing Consortium flow-sorted chromosome contig assembly) for variety 'Chinese Spring'. This was achieved by calculating the physical distance containing the SNP markers tagging the deletion in the mutant whose positions in chromosome 5A could be unambiguously determined from BlastN assignment of the corresponding 90K SNP probe sequence against the genome assembly.
To map genes potentially involved in root hair development, we downloaded sequences of all ten genes that have been found to confer root hair phenotypes from analysis of mutants in monocotyledonous species (Kwasniewski et al., 2013; Marzec et al., 2015) . These sequences were then analysed by BLASTN at the International Wheat Genome Sequencing Consortium database (https://wheat-urgi.versailles.inra.fr/Seq-Repository) to identify sequenced scaffolds that hold homologues located on chromosome 5A. Only those sequences located within scaffolds that were found to be within the deleted region of chromosome 5A were considered to be candidates controlling root hair length. To determine if a QTL controlling root hair length previously identified in a multi-parent mapping population (Delhaize et al., 2015) was in the deleted region, we used SNP markers to establish where the QTL was located in relation to the deleted region.
RESULTS
Rhizosheath sizes and root hair lengths of nullisomic-tetrasomic and deletion lines of 'Chinese Spring'
The wheat cultivar 'Maringa' was previously found to have a relatively large rhizosheath and was used as a large control in a genetic analysis of rhizosheath size in wheat (Delhaize et al., 2015) . In the absence of soil constraints, 'Chinese Spring' had a rhizosheath at least as large as that of 'Maringa' and larger than a selection of other unrelated cultivars (Fig. 1 ). There is a large collection of genetic stocks available for 'Chinese Spring' such as chromosomal nullisomic and deletion lines, and we used these stocks to map chromosomal regions associated with rhizosheath size as an indirect measure of root hair length. We screened rhizosheath size of the nullisomic-tetrasomic lines in which lines are missing a chromosome pair that is compensated for by having four copies of a homeologous chromosome. Figure 2A -C shows the rhizosheath sizes of the available nullisomic-tetrasomic lines. Lines were analysed further when the rhizosheath of both lines nullisomic for a given chromosome pair showed a statistically significant difference from the euploid. Using this criterion, root hair lengths of lines lacking chromosomes 1A, 1D, 5A and 4D were analysed further. Although rhizosheath size is strongly correlated with root hair length in wheat, the nullisomic-tetrasomic lines varied greatly in vigour and root length, both of which may have altered this relationship. When analysed directly for root hair length, lines nullisomic for chromosomes 1A, 1D and 5A all had shorter root hairs than euploid 'Chinese Spring', whereas the only available line nullisomic for chromosome 4D did not differ from euploid 'Chinese Spring' (Fig. 3) .
To map the loci for rhizosheath size more precisely, we assayed 'Chinese Spring' lines that were missing fragments of chromosomes 1A, 1D and 5A. All lines that had deletions of the long arms of chromosomes 1D and 5A had smaller rhizosheaths than both euploid 'Chinese Spring' and lines that had deletions of the short arms of the respective chromosomes (Fig. 4) . Root hair lengths of the lines with deletions in the long arms of chromosomes 1D and 5A had shorter root hairs than euploid 'Chinese Spring', consistent with the rhizosheath assay (Fig. 5) .
In contrast, none of the deletion lines of chromosome 1A had significantly smaller rhizosheaths than euploid 'Chinese Spring' (Supplementary Data Fig. S1 ) and so root hair length was not measured for these lines. Chromosome 2A harbours the TaRSL4 gene which was recently found to be a major gene regulating root hair length in hexaploid wheat (Han et al., 2016) , but lines nullisomic for chromosome 2A were not available to us due to poor seed set. Instead we assessed rhizosheath sizes of lines with various deletions of chromosome 2A and obtained perplexing results where some of the deletion lines were marginally larger than the euploid 'Chinese Spring' (Supplementary Data  Fig. S2 ). This could have resulted from the loss of a locus on chromosome 2AL that suppressed root hair length, but this contradicted the observation that a line lacking the entire 2AL chromosomal arm had a similar rhizosheath size to euploid 'Chinese Spring' (Fig. S2) . The TaRSL4 gene is located on chromosome arm 2AS and unfortunately the TaRSL4 gene was present in all of the available deletion lines assessed, as determined by PCR (data not shown).
90K SNP analysis
The SNP chip analysis verified that line 5AL-23 had a deletion in the teleomeric region of chromosome 5AL. The 90K Columns denote means, and bars on columns denote standard errors (n ¼ 6). The LSD (P ¼ 0Á05) used for the pairwise comparisons is shown in each panel. For the nullisomic B series, data were not normally distributed so a one-way ANOVA on ranks with Dunn's method for pairwise multiple comparisons was used, and this did not identify any significant differences at P < 0Á05. Missing columns (e.g. lines N2AT2B and N2AT2D) indicate lines that were either not viable or had very low fertility (Devos et al., 1999) . The black column in each panel denotes euploid 'Chinese Spring' (CS). The grey columns are lines that did not differ significantly from euploid 'Chinese Spring' while white columns denote pairs of nullisomic-tetrasomic lines that differed significantly (P < 0Á05) from euploid 'Chinese Spring'.
SNP markers that mapped to the deleted region were used to establish if any of the genes underlying the known root hair mutants of monocotyledonous species could explain the short root hairs of deletion line 5AL-23. This line was chosen because it had the smallest fragment of chromosome missing (13 %), but it should be noted that this is still a relatively large physical fragment given that the 5AL chromosome by itself is over twice the size of the entire rice (Oryza sativa) genome (Barabaschi et al., 2015) . Nevertheless, two genes previously shown to confer short root hairs when mutated in maize (Zea mays) and rice were found to have homologues that lie within the deleted chromosomal region of line 5AL-23 (Table 1) . Interestingly, a QTL on chromosome 5AL previously found to control root hair length in Australian wheat cultivars (Delhaize et al., 2015) was located outside the deleted region of line 5AL-23.
Effect of root hair length on P nutrition
To assess the effect that short root hairs had on the P nutrition of plants, we compared euploid 'Chinese Spring' with deletion line 5AL-23. Line 5AL-23 lacks 13 % of the telomeric region of chromosome 5AL yet set sufficient grain for growth experiments. In contrast, line 1DL-09 lacks 36 % of chromosome 1DL and only set a small amount of grain. First, the lines were compared in short-term experiments using rhizoboxes. Since root hair lengths can be sensitive to environmental conditions (Muller and Schmidt, 2004) , we needed first to establish if the differences found between genotypes on the unfertilized ferrosol were also apparent when the lines were grown on the fertilized kandosol. Figure 6A shows that in rhizobox experiments, line 5AL-23 had root hairs about half the length of euploid 'Chinese Spring' at both low and high P supplies when grown on the fertilized kandosol, a similar finding to when the genotypes were grown in the unfertilized ferrosol.
To determine PAE, the lines were grown in pots on the fertilized kandosol supplemented with various amounts of P. Shoot biomass of both lines responded to the addition of a luxury P supply, although line 5AL-23 was consistently smaller than 'Chinese Spring' across all three P treatments ( Supplementary  Data Fig. S3 ). To account for the difference in biomass when The rhizosheath size of euploid 'Chinese Spring' (CS) was set at 1Á0, and rhizosheath sizes of all other lines are expressed as a proportion of the euploid 'Chinese Spring' value. The designations given to the lines are as described (Endo and Gill, 1996) , and the number at the end of this designation is the percentage of chromosome arm that remains, with the 'S' and 'L' denoting the short and long arms of the chromosome. The location of the centromere in relation to the various deletions is shown. On the figure, the lines are ordered so that the further away a line is away from the centromere, the smaller is the missing fragment of chromosome. Columns denote means, and bars on columns denote standard errors (n ¼ 6). White columns indicate lines that are significantly different from euploid 'Chinese Spring' (black column), grey columns are lines that did not differ from 'Chinese Spring' and the bars for each panel denote the least significant difference (LSD) (P ¼ 0Á05) as determined by a one-way ANOVA.
grown with a luxurious P supply, PAE was defined as the ratio of shoot biomass at low P to high P. Similarly, the lines differed for root length and data were treated in the same way. When the lines were compared for PAE using this ratio, there was not a statistically significant difference at P < 0Á05 for either shoot biomass or root length (Fig. 7) . Root hair lengths were measured on roots taken from the P nutrition experiment. A difference in root hair length between lines was apparent only at both low P treatments, and this difference was attenuated compared with the short-term rhizobox experiment, with line 5AL-23 having 15-25 % shorter root hairs than 'Chinese Spring' (Fig. 6B) .
Interestingly, root hairs of 'Chinese Spring' were shorter at the high P treatment than at the lowest P treatment, whereas root hair lengths of 5AL-23 did not respond to P treatment and were of similar length in all P treatments. Elemental analysis of shoots did not show differences between lines in P concentrations, but there were significant differences between lines in calcium (Ca), magnesium (Mg) and manganese (Mn) concentrations and to a lesser extent in concentrations of potassium (K) and sulphur (S) (Supplementary Data Table S1 ). Calcium, Mn and K concentrations were elevated in line 5AL-23 compared with the euploid, whereas Mg and S concentrations were reduced.
DISCUSSION
A rhizosheath screen as a surrogate for root hair length proved to be a rapid way to map genomic regions that control root hair length using genetic stocks of 'Chinese Spring'. Here we first used nullisomic-tetrasomic lines to locate loci for root hair length to particular chromosomes and then used deletion lines to map the loci to specific chromosomal regions. Using this strategy, we were able to map loci controlling root hair length confidently to chromosomes 5AL and 1DL. Since all the lines with deletions in the long arms of the respective chromosomes had shorter root hairs than euploid 'Chinese Spring', we infer that the loci controlling root hair length are located in the telomeric regions of the long arms of chromosomes 5A and 1D. For chromosome 5A, since the line with the smallest deletion with 87 % of the chromosome remaining had short root hairs (Fig. 4A) , we conclude that a locus controlling root hair length is located in the distal 13 % of chromosome 5AL. Using similar reasoning, we conclude that another locus controlling root hair length is located in the distal 36 % of chromosome 1DL. While analysis of deletion lines for chromosomes 5A and 1D provided supportive evidence for loci controlling root hair length on these chromosomes, we were unable to verify that a comparable locus exists on chromosome 1A despite both lines nullisomic for chromosome 1A having short root hairs (Fig. 2) . The largest deletion lines for chromosome 1A still had 20 % of the short or 17 % of the long chromosomal arms remaining, and it is conceivable that a locus for root hair length is located close to the centromere such that all of the available deletion lines still possess the locus. This could be verified by measuring rhizosheath size and root hair length of lines ditelosomic for the short and long arms of chromosome 1A, but these were not available to us and should be assessed in the future. Many genes have been implicated in root hair development in arabidopsis, with numerous root hairless mutants described (Kwasniewski et al., 2013) . Root mutants in diploid cereal species that are either hairless or have very short hairs have been identified in rice, maize and barley (Hordeum vulgare) (Marzec et al., 2015) . Here we did not find any such lines, with the most pronounced line having a reduction in root hair length compared with euploid 'Chinese Spring' of only about 50 %. In addition, relatively few loci affecting root hair length were identified in our screen that scanned most chromosomes of hexaploid wheat, which appears at odds with the many genes identified to be important for root hairs in Arabidopsis thaliana, a species with a small genome. It is likely that the redundancy The root hair length of euploid 'Chinese Spring' (CS) was set at 1Á0, and root hair lengths of all other lines are expressed as a proportion of the euploid 'Chinese Spring' value. The lines are described as given in the legend of Fig. 4 . White columns indicate lines that are significantly different (P < 0Á05) from euploid 'Chinese Spring' (black column), grey columns are lines that did not differ from 'Chinese Spring'. The bar in (B) denotes the least significant difference (LSD) (P ¼ 0Á05) as determined by a one-way ANOVA. For (A), the data were not normally distributed, and an analysis of ranks identified all white columns as being significantly different (P < 0Á05) from euploid 'Chinese Spring' as denoted by the asterisk.
of genes affecting root hair length in a hexaploid species such as wheat is a major reason for not being able to identify a hairless line, particularly when the absence of a chromosome pair is compensated for by the presence of a homeologous chromosome in a tetraploid state. Nevertheless, expression of one of the homeologues can predominate in an allopolyploid species such as wheat (Feldman et al., 2012) and helps to explain why loci, such as those on chromosomes 5A and 1D, were identified in our screens. Analysis of line 5AL-23 by the 90K SNP chip confirmed the deletion and, based on markers, this deletion is similar to one described previously for 'Chinese Spring' deletion line 5AL7-87 (Barabaschi et al., 2015) . Genes with homologies to RTH5 and OsRTH1 were found to be located within the deleted region of chromosome 5AL. Since mutants of maize (RTH5) and rice (OsRTH1) ) for 19 d. Since line 5AL-23 was a smaller plant than euploid 'Chinese Spring' at all P treatments, data for both shoot biomass (A) and root length (B) are expressed as values relative to the high P treatment (P150: 150 mg P kg -1 ) of each genotype where P was not limiting growth. Columns denote means, and bars on columns denote standard errors (n ¼ 6). Analysis of data with a two-way ANOVA did not find any significant genotypic or treatment differences at P < 0Á05 for either relative shoot biomass or relative root length. ) and high (P150: 150 mg P kg -1 ) P treatment, and bars on the columns denote the standard error (n ¼ 3). A two-way ANOVA identified a significant genotype difference (P < 0Á01) and no treatment effect. For (B), seedlings were grown in pots with two low (P5 and P10: 5 and 10 mg P kg -1 ) and one high (P150: 150 mg P kg -1 ) P treatment. A two-way ANOVA identified significant genotype differences at P5 and P10 (P < 0Á05) and a P treatment effect for euploid 'Chinese Spring' (P < 0Á05: P150 shorter than P5).
homologues of wheat genes found in the deleted region of line 5AL-23 are candidates for controlling root hair length. RTH5 encodes a putative NADPH oxidase and the mutant has reduced concentrations of reactive oxygen species in tips of root hairs that are thought to be important for the development of the hairs (Nestler et al., 2014) . OsRTH encodes an apyrase, an enzyme that catalyses the hydrolysis of phosphoanhydride bonds of nucleoside tri-and diphosphates into monophosphates. The short root hair phenotype of the mutant might be due to the hairs being unable to use ATP or as a consequence of altered concentrations of external ATP (Yuo et al., 2009) . Further work will be required to establish whether either of these genes contributes in controlling root hair length in wheat. Both the rhizosheath and root hair screens were used on 3-to 7-day-old seedlings grown on a soil that had no added nutrients other than the CaCO 3 used to adjust the pH. Over the short term (6 d) the lines grown on the fully fertilized kandasol had similar root hair length differences to those found on seedlings grown for only 3 d on the ferrosol that lacked the addition of nutrients other than Ca, indicating that the differences in root hairs persisted regardless of the soil fertility. Similarly, differences in root hair lengths between the lines were maintained in low P treatments of older plants (approx. 3 weeks) grown with all other nutrients supplied, whereas differences were not apparent at a luxurious P supply (Fig. 6 ). It should be noted that the difference in root hair lengths between lines in the rhizoboxes was measured on seminal roots, whereas root hair lengths of the lines grown in the pot trial were measured on thick roots (diameter > 0Á6 mm) that were likely to be nodal roots. Root hairs of some plant species such as arabidopsis show large responses to P deficiency and increase in length by up to 3-fold (Bates an Lynch, 1996) , whereas other species such as rice show a more modest increase. For example, root hair length of rice increased by only about 25 % when grown to P deficiency in hydroponic culture and even smaller increases when P deficient in soil (Nestler et al., 2016) . Euploid 'Chinese Spring' showed a small response in root hair length to P deficiency when grown in soil, and this was not apparent in deletion line 5AL-23 (Fig. 6B) , suggesting that the locus that was deleted in 5AL-23 was responsible for conferring the small P response.
While line 5AL-23 was sufficiently vigorous to produce enough viable grain for experiments, it produced less shoot biomass and generally had shorter roots than euploid 'Chinese Spring'; however, when calculating PAE by using relative values, there was not a statistically significant difference between genotypes (P < 0Á05) for either relative shoot biomass or relative root length (Fig. 7) . Similarly, shoot P concentrations did not differ between the lines although there was a large treatment effect (Table S1 ). However, deletion line 5AL-23 accumulated more Ca, Mn and K in shoots than the euploid, and this was associated with reduced Mg and S concentrations (Table S1 ). The increased concentrations of some mineral elements in line 5AL-23 was surprising given that a root hairless mutant of arabidopsis generally accumulated lower concentrations of a range of elements compared with the wild type when grown in medium with all mineral nutrients supplied (Tanaka et al., 2014) . Rather than interpreting all of the effects on mineral nutrients in line 5AL-23 as being due to the short root hairs, it is plausible that other loci controlling uptake of these elements, for example negative regulators, were lost in the deletion line, resulting in accumulation of these elements. It is also likely that the 25 % longer root hairs of the euploid in the pot trial was insufficient to confer a large enough difference in P uptake that was detectable in the growth parameters of our experiments. Nevertheless, the current work shows that a rapid screening method based on rhizosheath size of young seedlings identified root hair phenotypes in aneuploid lines of wheat that for at least one genetic locus persisted in more mature plants.
SUPPLEMENTARY DATA
Supplementary data are available online at https://academic. oup.com/aob and consist of the following. Figure S1 : rhizosheath sizes of deletion lines for chromosome 1A. Figure S2 : rhizosheath sizes of deletion lines for chromosome 2A. Figure S3 : effect of P deficiency on shoot biomass and total root length of deletion line 5AL-23 compared with euploid 'Chinese Spring'.
